[1] We constructed a high-resolution time frame for the cyclic continental palustrinealluvial section of Librilla (SE Spain) which covers the onset of the Messinian salinity crisis in the marine realm. The section was dated earlier by Garcés et al. [1998] , using magnetostratigraphy. We resampled part of the section that contained a reversed overprint in detail to refine the magnetostratigraphy and to investigate the behavior of the natural remanent magnetization (NRM) signal. The detailed sampling yielded a better constrained position of the upper reversal of Chron C3An.1n. By counting the number of cycles in C3An.1n and taking into account the duration of this Chron, we were able to show that the basic sedimentary cycles in Librilla reflect climatic precession. Subsequently, the sedimentary pattern was tuned to the summer insolation curve, providing a high-resolution time. Two intervals of complex NRM behavior were identified, showing normal and reversed overprints. The reversed overprints seemed to be restricted mainly to gray palustrine layers. The analysis of coercivity components revealed no difference between samples with overprints or real NRM directions. We performed fuzzy c-means cluster analysis on a geochemical data set to link magnetic behavior to geochemical proxies, resulting in a three-cluster model that roughly describes lithology. Remarkably, all the samples with a normal overprint belong to one particular cluster. The reversed overprints, however, do not show any relation to the cluster partition. We favor the explanation of Garcés et al. [1998] that the reversed overprint would be related to the Messinian salinity crisis.
[1] We constructed a high-resolution time frame for the cyclic continental palustrinealluvial section of Librilla (SE Spain) which covers the onset of the Messinian salinity crisis in the marine realm. The section was dated earlier by Garcés et al. [1998] , using magnetostratigraphy. We resampled part of the section that contained a reversed overprint in detail to refine the magnetostratigraphy and to investigate the behavior of the natural remanent magnetization (NRM) signal. The detailed sampling yielded a better constrained position of the upper reversal of Chron C3An.1n. By counting the number of cycles in C3An.1n and taking into account the duration of this Chron, we were able to show that the basic sedimentary cycles in Librilla reflect climatic precession. Subsequently, the sedimentary pattern was tuned to the summer insolation curve, providing a high-resolution time. Two intervals of complex NRM behavior were identified, showing normal and reversed overprints. The reversed overprints seemed to be restricted mainly to gray palustrine layers. The analysis of coercivity components revealed no difference between samples with overprints or real NRM directions. We performed fuzzy c-means cluster analysis on a geochemical data set to link magnetic behavior to geochemical proxies, resulting in a three-cluster model that roughly describes lithology. Remarkably, all the samples with a normal overprint belong to one particular cluster. The reversed overprints, however, do not show any relation to the cluster partition. We favor the explanation of Garcés et al. [1998] that the reversed overprint would be related to the Messinian salinity crisis.
Introduction
[2] Sedimentary cycles with periods of ten thousand to a hundred thousand years typically reflect changes in environment caused by climatic oscillations which in turn are controlled by the Earth's orbital cycles. The periods of these orbital cycles allow that a very high-resolution time frame can be obtained from cyclically bedded sequences. For instance, late Miocene and Pliocene Mediterranean marine marl-sapropel sequences are controlled by climatic precession with a period of $22 kyr. The marl-sapropel alternation could be linked to the summer insolation curve [Hilgen et al., 1995; Lourens et al., 1996] , which resulted in a time frame with a resolution of better than 10 kyr (half a precession cycle). This permitted dating of paleomagnetic reversals with high accuracy, and the development of an astronomical polarity timescale (APTS). For the entire Pliocene-Pleistocene and for the late Miocene the APTS has primarily been established on the basis of marine sediments [Shackleton et al., 1990; Hilgen, 1991a Hilgen, , 1991b Hilgen, , 1995 Shackleton et al., 1995; Lourens et al., 1996; Krijgsman et al., 1999b] . Also, for continental settings, astronomically controlled variations in sedimentary patterns are now increasingly recognized and better understood. For instance, the early Pliocene lignite-lacustrine marl deposits of Ptolemais (Greece) are clearly related to insolation minima and maxima, respectively [van Vugt et al., 1998 ], while the Miocene red beds of Armantes (NE Spain) consist of a superposition of small-scale lacustrine/ palustrine limestone-red silt layers (precession) and thick limestone beds (eccentricity) [Krijgsman et al., 1997 [Krijgsman et al., , 1999a . Additionally, the middle Miocene lacustrine to distal alluvial fan-floodplain deposits from Calatayud basin (NE Spain) show cycles on all orbital scales: from eccentricity (carbonate rich-carbonate poor), obliquity (thick and thin carbonate beds) and precession (carbonate and clay beds) [Abdul Aziz et al., 2000] . The latter composite section was used to construct an APTS for the late to middle Miocene based on continental sediments [Abdul Aziz, 2001] .
[3] Climate changes are recorded by a number of properties. For instance, marine oxygen isotope records reflect the Pleistocene glacial cycles which are driven by orbitally controlled variations in solar radiation [Shackleton and Opdyke, 1973; Hays et al., 1976; Imbrie et al., 1984] . Important climate information on vegetation is contained in pollen records [e.g., Kloosterboer- van Hoeve, 2000] , while information on changing faunal habitats on land can be deduced from fossil mammal records [van der Meulen and Daams, 1992; van Dam et al., 2001] . Magnetic properties invariably follow climate fluctuations. An example is the Chinese paleosol-loess sequence, in which the magnetic susceptibility is enhanced in the paleosols during eccentricity maxima after the Mid-Pleistocene transition [Bloemendal et al., 1995; Heller and Evans, 1995] . These sequences provide proxies of, for example, paleoprecipitation [Maher and Thompson, 1999] . Recently, astrochronology has established a link between the marine oxygen isotope records and the continental paleosol-loess sequences [Heller and Liu, 1986; Heslop et al., 2000] .
[4] A section that contains both cyclic climate variations and fossil mammals is the Messinian Librilla section in the Neogene Fortuna Basin (south-eastern Spain). Importantly, it contains the interval that includes the onset of the Messinian salinity crisis: the period of most extensive evaporite formation in late Neogene history, triggered by the temporal disconnection of the Mediterranean Basin from the open ocean. First-order time control has already been established by magnetostratigraphy [Garcés et al., 1998 ]. This earlier study, however, showed that the interpretation of the paleomagnetic signal in Librilla is not always straightforward. A reversed overprint is present in part of the section, seemingly related to lithology.
[5] For the present study, we investigate the paleomagnetic signal in detail, pinpoint the position of the magnetic reversals more precisely, and study the sedimentary cycles. We resampled part of the section spanning Chron C3An.1n, including its upper and lower reversals and made detailed logs of the lithology variations. In this way, we contribute to the assessment of the reliability of the magnetic signal in the alluvial fan/palustrine sedimentary environment. Magnetostratigraphy and cyclostratigraphy are used to construct a time frame. We conclude that the basic gray-red sedimentary cycle is controlled by precession. The natural remanent magnetization (NRM) signal is assessed by rock-magnetic analyses, and by fuzzy c-means cluster analysis on geochemical parameters.
Geological Setting and Sampling
[6] The Librilla section is situated in the Fortuna Basin and is exposed along the eastern flank of a syncline structure to the north of the village of Librilla (Figure 1 ). The overall evolution of the Fortuna basin is regarded as the result of a pull-apart basin development, controlled by a NE-SW strike-slip fault system . The Librilla section is grouped into four members, from bottom to top : (1) a cyclic alluvial-palustrine member (400 m, of which part is shown in Figure 2 and schematically in Figure 8 ), consisting of alluvial red beds and palustrine organic-rich gray marls, and minor lacustrine limestones. Fossil mammals (zone MN13) indicate a late Turolian (Messinian) age; (2) a prograding conglomeratic member (30 m); (3) a shallow marine member (30 m) of lower Pliocene age, caused by the Pliocene flooding following the Messinian salinity crisis; (4) an upper alluvial member (350 m), consisting of red silts and channelized conglomerates.
[7] Our detailed paleomagnetic resampling scheme was carried out in part of the first member (Figure 2 ), corresponding to the stratigraphic level from $235 to 375 m of Garcés et al. [2001] . For this part, we made a detailed lithological log for cyclostratigraphic purposes. The section displays a more or less regular alternation between gray palustrine organic-rich reduced facies with abundant gastropod shells and small mammal fossil remains, and pale or bright brown/red alluvial silts with traces of hydromorphous paleosols ( Figure 2 and lithological column of Figure 8 ). Toward the top of the section, the hydromorphous paleosols disappear and are replaced by carbonate crusts (caliche paleosols). Laterally, the hue of the red or brown layers varies.
[8] The lithological variations are cyclic: Thinner dark gray bands, either divided into light-dark-light gray, or dark-light-dark gray (or sometimes in gray-mottled-gray) alternate with thicker red or brown beds which often become mottled toward the contact with the gray bands (see lithological column of Figure 4 ). In general, the mottling occurs in vertical lines, indicating root traces. We define a basic cycle as one (compound) gray band with one red or brown layer on top of it (Figure 4 ). In the top of the section there are several bright red, very distinct cycles. The interval below this is much paler, where cycles are not so evident. Below the pale interval, cyclicity is more pronounced again. The alternation of clear and less clear cyclicity suggests that the smaller scale cycles are controlled by precession (period of $22 kyr), while the bright-pale succession may reflect the eccentricity variation (periods of $100 kyr and 400 kyr).
[9] We sampled 226 levels over a continuous stratigraphic section of $120 m, which corresponds to an average sample resolution of $50 cm (or $2 kyr, cf. section 5.2). We used a portable, generator-powered drill, which was water-cooled. For each stratigraphic level, four oriented cores were drilled for paleomagnetic, rock-magnetic and geochemical studies. The interval containing samples LCD1 to LCD143 is shown in Figure 2 , samples LCD200-LCD283 were taken from a transect below this outcrop.
Methods

Paleomagnetic and Rock-Magnetic Methods
[10] For the determination of the magnetostratigraphy, stepwise thermal demagnetization was applied to at least one sample from each stratigraphic level to isolate ChRM directions. Temperature steps of 50°C were applied up to 450°C, steps of 30°C up to 560°C and steps of 20°C up to 680°C. The samples were heated and cooled in a laboratory-built, shielded furnace with a residual field of less EPM than 30 nT. The bulk susceptibility was measured after each heating and cooling step to monitor chemical alterations. When the physical state of a sample did not allow thermal demagnetization, alternating field (AF) demagnetization was applied instead. AF steps were 5-10 mT up to at least 60 mT and in case of suitable demagnetization behavior, further to 80, 120, 200, and 300 mT. A series of 18 samples was treated with a combination of thermal and AF demagnetization: first, the samples were thermally demagnetized up to 350°C and subsequently AF demagnetization was applied. A double AF demagnetization procedure was employed to screen for gyroremanence [Dankers and Zijderveld, 1981] . The NRM was measured with a horizontal 2G Enterprises SQUID magnetometer (noise level 3 Â 10 À12 Am 2 ). The directions of the NRM components were determined using principal component Garcés et al., 1998 ].
analysis including four to six temperature steps or AF steps for each component.
[11] To investigate the reliability of the NRM signal, several rock-magnetic measurements were performed. Thermomagnetic runs were conducted in air for 10 powdered samples from different lithologies up to 700°C on a modified horizontal translation type Curie balance (noise level 5 Â 10 À9 Am 2 ) [Mullender et al., 1993] . Acquisition curves of isothermal remanent magnetization (IRM) were determined for 55 stratigraphic levels, using 28-30 acquisition steps with fields up to 2.5T. The peak fields were applied with a PM4 pulse magnetizer and the IRM intensity measured either with a JR5A spinner magnetometer (AGICO, Brno, noise level 10 À11 Am 2 ) or with the SQUID magnetometer, depending of the physical state of the samples. The IRM acquisition curves were decomposed into magnetic coercivity components according to the method described by Kruiver et al. [2001] . Each coercivity component is characterized by a cumulative lognormal distribution defined by: (1) its saturation IRM (SIRM), (2) the peak field B 1/2 at which half of the SIRM is reached, and (3) the dispersion DP. Acquisition curves of anhysteretic remanent magnetization (ARM) were measured for 22 levels and treated with the same component analysis as the IRM curves. The maximum applied AF field for ARM acquisition, 300 mT, was reached in 15 approximately equally spaced steps on a logarithmic field scale. The bias field of 31 mT was directed parallel to the AF field.
Geochemical and Statistical Methods
[12] The concentrations of geochemical elements were determined for all 226 stratigraphic levels with ICP-OES analysis (inductively coupled plasma optical emission spectrometer, Perkin Elmer-type Optima 3000, after total digestion with HF, HNO 3 and HClO 4 ). Accuracy and precision were checked with laboratory standards and duplicate analyses. The analytical error was better than 5% for Al, Ba, Ca, Fe, K, Mg, Na, and Ti, and better than 10% for the trace elements Cr, Li, Mn, P, Sr and V. Sulfur could not be determined with sufficient reliability, because Ca and Mg peaks interfered with the S peak in the ICP spectrum. The calcium carbonate contents were calculated from the Ca concentrations by assuming that 98% of the Ca resides in CaCO 3 . All other elements were subsequently corrected for carbonate contents and will be quoted on a carbonate-free basis (CFB) throughout the paper.
[13] The multivariate fuzzy c-means clustering technique [Bezdek et al., 1984] was used to analyze the integral geochemical data set. With this technique, the samples are objectively divided into a user-specified number of internally fairly homogeneous clusters by maximizing the distance between the cluster centers, and minimizing the distance between a sample and its cluster center. Contrary to conventional ''hard'' cluster techniques, the fuzzy cluster technique does not force a sample into one particular cluster. Instead, it assigns memberships (ranging from 0 to 1) for each sample to each cluster. The weight of each sample to a cluster center is related to this membership coefficient. In this way, intermediate samples have less influence on the position of cluster centers. Moreover, they can be recognized by their similar memberships to more than one cluster. The fuzzy exponent controls the ''fuzzyness'' of the cluster model. A fuzzy exponent of 1 corresponds to hard clustering, while for a fuzzy component approaching positive infinity the clusters completely overlap. Generally, fuzzy exponents of 1.5 to 3 give satisfactory results [Bezdek et al., 1984] . Therefore, we choose a fuzzy component of 1.5. Furthermore, we use the diagonal norm as a measure of distance. Cluster models are run for 2 to 7 clusters. For each specified number of clusters, the cluster partition is determined by iteration [Bezdek et al., 1984] . A random starting partition is chosen for which the cluster centers are calculated. Subsequently, the corresponding membership matrix is determined. The cluster centers and membership matrix are iteratively optimized until a given stopping criterion is reached. Mathematically, the optimal number of clusters corresponds to the model for which the partition parameter F 0 reaches a maximum and the entropy H 0 a minimum [Bezdek et al., 1984] . Another method to decide on the optimal number of clusters is displaying the cluster assignments in a nonlinear mapping (NLM) plot [Sammon, 1969] . This is a two-dimensional representation of a multidimensional data cloud, in which the distortion of the distances between cases is kept at a minimum. Clusters that are determined by fuzzy c-means clustering should be well separated in a NLM plot. When the clusters start to blur, the best solution should be sought in a model with fewer clusters.
Results
Rock Magnetism
[14] The thermomagnetic curves M s (T) of the measured (bulk) samples were so strongly dominated by the paramagnetic matrix that no Curie temperatures could be determined. The cooling curve generally falls below the heating curve, indicating oxidation of a magnetic spinel.
[15] The ARM and IRM component analyses were more successful in characterizing the magnetic mineralogy. The interval ranging from 4 to 18 m was investigated in detail by IRM component analyses, and with slightly less spatial resolution by ARM component analysis. This interval was selected because of its clear cyclicity (Figure 4a ).
[16] The ARM and IRM component analyses for a representative sample are shown in Figure 3 . In this particular sample, two ARM coercivity components were discriminated and three IRM coercivity components. In general, four coercivity components can be distinguished in the IRM acquisition curves (Figure 4b ): two (mutually exclusive) low-coercivity components, one intermediatecoercivity component and one high-coercivity component. The coercivity component with the lowest coercivity is present in nearly all samples and has a mean B 1/2 of $34 mT. It is most probably representative of magnetite. The second lowest coercivity component is only present in a few samples in the sandier parts of the red lithology. With an average B 1/2 coercivity of 63 mT, it might represent oxidized or cation-deficient magnetite, possibly even completely oxidized to maghemite [van Velzen and Zijderveld, 1995; van Velzen and Dekkers, 1999] . The intermediate-coercivity component has B 1/2 values (average of $400 mT) typical of hematite and generally coexists with the lowest coercivity component. The high-coercivity component can just be detected with the maximum available pulse field of 2.5 T and is therefore not always well constrained. However, the B 1/2 ($2 T) points to goethite. The high-coercivity component is only present in the red lithology, never in the gray marls. Therefore, the presence and absence of the high-coercivity component seem to follow the gray-red cycles. The SIRM values of the low-coercivity and the intermediate-coercivity component seem to follow that of the high-coercivity component (Figure 4d) . [17] The ARM analyses could only detect a maximum of two components, because of its limited field range (maximum of 300 mT) compared to IRM acquisition. In general, the ARM component results are concurrent with the IRM results when the highest IRM coercivity component is not taken into account (Figures 4e and 4f) . The patterns of mean coercivity variations are similar, as well as the saturation patterns. From the similarity between IRM and ARM coercivity patterns, we conclude that the low-coercivity ARM component matches the two low-coercivity IRM components. Correspondingly, the higher coercivity ARM component relates to the intermediate-coercivity IRM component, together referred to as the intermediate-coercivity component.
[18] In Figure 5 we compare the IRM and ARM component parameters. The ARM curves were apparently not sampled with sufficient resolution to distinguish between the two lower coercivity IRM components. Therefore, in the ARM versus IRM comparison the two low-coercivity IRM components are treated as one component. A remarkable observation is that the ARM coercivities are always lower than the IRM coercivities. The differences in coercivities are possibly related to the fact that ARM and IRM are different types of remanences. It should be noted that differences in pulse IRM and static IRM have been reported, where the static IRM displayed a lower coercivity than the pulse IRM [Moskowitz, 1993] . The respective saturation magnetizations show significant power law relationships for both low-and intermediate-coercivity components (Figure 5b ). The higher slope of the low-coercivity component probably relates to the fact that ARM preferentially affects spinel phases like magnetite, or might be related to grain size variations.
Magnetostratigraphy
[19] As the representative thermal demagnetization diagrams in Figure 6 illustrate, the NRM consists of two to three components, described in the following with increasing temperature trajectories. In all samples, a relatively large present-day field component was effectively demagnetized by heating up to 200°C. Although the directions of all samples are scattered, the average direction of the presentday overprint component (no tectonic correction applied) coincides with the expected direction for 38°N (Figure 6f ). The intensity of the present-day component, taken as the vector difference between the 90°and 200°C demagnetization steps, is low in the gray layers and higher in the red layers (Figure 8c) . A second NRM direction can be defined by either the 250°-480°C or 250°-580°C trajectory, depending on the amount of deterioration of the signal above 480°C. The intensity of this magnetite component displays similar variations as the low-temperature component. Several red samples were unaffected by alteration. In these cases, a partially diverting hematite component could be distinguished at 600°-680°C (e.g., Figures 6a, 6b, 6h, and 6i) .
[20] A steep increase in the magnetic susceptibility (measured after each demagnetization step at room temper- ature) shows that most samples are altered when heated to temperatures above $400°C (Figure 7) , which might be related to the presence of pyrite in the gray palustrine layers. In the demagnetization diagrams, the trajectories often divert at temperatures above approximately 480°C. They seem to pass the origin at some distance, instead of decaying toward the origin (e.g., Figures 6c and 6d) . To determine whether this diverting trajectory is an artifact of progressive heating or represents real directional component, we applied a combination of thermal and AF demagnetization to some samples. For sample LCD19, the thermal and AF trajectories first show a normal presentday overprint. For the temperature steps of 200°-450°C and AF steps of 10 -30 mT a reversed component is present (Figure 6e) . Temperatures above 480°C do not result in a sensible direction, although a residual normal direction is suspected. The AF demagnetization, however, clearly demonstrates the presence of a normal component with coercivities characteristic of hematite. Due to the alteration in the thermal experiment, this hematite component could not be resolved. When thermal demagnetization up to 350°C is combined with AF demagnetization (LCD19C), the hematite component can be separated. For most samples, the thermal, AF and thermal-AF results are in agreement. However, the temperature components up to 200°C and up to 480°C have overlapping coercivity spectra. Additionally, the double AF demagnetization procedure duplicates the single run orthogonal AF demagnetization (not shown), indicating that the samples did not suffer from gyroremanence.
[21] The magnetostratigraphy of the resampled section is given in Figure 8b . The interpretation in terms of Figure 6 . Representative demagnetization diagrams. A comparison between thermal and AF demagnetization, and a combined thermal-AF demagnetization scheme is made for sample LCD19. The high-temperature trajectory for LCD 103 is enlarged. Directions of the 90°-200°C component (no tectonic correction applied) are shown in stereo-projection. For 242 samples, the average declination is 357.5°, the average inclination is 55.8°(k = 41.7; a 95 = 1.4°). The geocentric axial dipole (GAD) inclination for the location is 57°, which is very close to that of the 90°-200°C component, thus representing a present-day field overprint. polarity zones is not clear-cut. As was detected before by Garcés et al. [1998] , the normal polarity zone of Chron C3An.1n between À39 and +33 m contains many intervals displaying reversed polarities. The quality of most reversed demagnetization diagrams is good, leaving no obvious explanation for their deviating polarity. The only indication that these reversed direction are suspect, is that some of them contain a reversed magnetite and a normal hematite component. They might represent excursions of the geomagnetic field. However, there are no excursions reported in literature for the time interval covered by this section. Garcés et al. [1998] interpreted the reversed polarities as overprints, related to the Messinian salinity crisis. The interval of overprints appears to be confined to the interval where the gray palustrine layers are present. The IRM component analysis revealed no clear differences between the reversed overprinted magnetite samples and the normal samples. We adopt the view on cause of the reversed overprints of Garcés et al. [1998] : The sea level drop related to the Messinian salinity crisis (during times of reversed polarity) would have caused a temporal lowering of the groundwater table in the near-sea continental environments of the Fortuna basin. This could have induced oxidation of iron sulfides, which are typically present in palustrine/lacustrine sediments, and result in the precipitation of magnetite which acquired a reversed polarity.
[22] The R-N reversal at À39 m coincides with the position given by Garcés et al. [1998] . The position of the N-R reversal is improved by the denser sampling scheme. We now place the N-R reversal boundary at +33 m, although some normal intervals prevail above this level. However, these samples show very typical behavior, for example, LCD103 in Figure 6 . The trajectory up to 480°C heads for the origin, but passes it. For higher temperatures there seems to be a cluster of points to the left of the origin. When this part of the diagram is expanded, however, we observe that there is a structure, although scattered, of a normal component up to approximately 580°C and a reversed hematite component. Therefore, we hesitate to interpret these samples as representing true normal polarity. The timing of acquisition of the normal component, however, cannot be estimated.
Discussion
Multivariate Geochemical Analysis of the Depositional Environment
[23] The samples were geochemically analyzed to study a possible link between geochemical parameters and magnetic behavior. The elements were corrected for CaCO 3 concentrations and they are always quoted on a carbonatefree basis. In Figure 9 , calcium carbonate and several geochemical elements are shown. Generally, the CaCO 3 content varies with lithology: it is elevated in the gray marls. Compound gray palustrine layers often appear as double peaks, for example, at $+16 and +18 m. Elements which more or less mirror the CaCO 3 behavior are Mg, Na, Mn, Sr and P (Figures 6b-6d and Table 1 ). There is also a positive correlation between Al, Fe, K, Ti, Cr, Li and V (Figures 6e -6g and Table 1 ). The group of CaCO 3 -correlated elements and the group of the Al-correlated elements show an anti-correlation. Many elements show a noticable shift in average values near À10 m, from low to higher values for the CaCO 3 -correlated elements. The shift is clearest in the Na record. Also, the Al-correlated elements show a large variability in the interval between +45 and +60 m.
[24] For the marine environment, the interpretation of various geochemical elements or ratios is reasonably well understood [Elderfield, 1990; Wehausen and Brumsack, 1999; Schnetger et al., 2000; Lourens et al., 2001] . Fuzzy c-means cluster analyses have been applied successfully to marine sediments [Dekkers et al., 1994; Kruiver et al., 1999; Schmidt et al., 1999; Urbat et al., , 2000 . In continental environments, which can be highly variable, the significance of geochemical elements and their ratios is much less clear. The geochemical meaning of the input variables can only be broadly characterized, which limits to a certain extent a complete interpretation of the groupings. Nonetheless, with the success of fuzzy c-means cluster analysis in mind, we apply this technique to the Librilla geochemical data set with the hope to find interpretable relationships.
[25] The input parameters included in the fuzzy cluster analysis were: CaCO 3 , Ti/Al, Cr/Al, Mg/Al, Fe/Al, Na/Al, Sr, Mn, V and P (all CFB). Major elements were normalized by Al to create an pseudo-open data set to minimize the closure effect and reduce induced correlations. Trace elements are lognormally distributed and were log-transformed rather than normalized. Generally, Cr and Ti, and to a lesser extent Al, are indicators for detrital input. Ti/Al is in Mediterranean sediments often used to characterize variations in dust input from the Sahara. Because Cr is associated with (ultra)mafic rocks and Ti with acidic rocks, variations in Cr/Al and Ti/Al could indicate differences in provenance area of the sediment. section suggesting that there were no profound differences in chemical weathering. In marine sediments, raised Fe/Al ratios are taken to indicate diagenetic enrichment of Fe. Again, in marine sediments, Sr is usually isomorphously substituted in calcium carbonate and is therefore often correlated with CaCO 3 . Also, in the marine environment, Mn and V are found to be sensitive to redox conditions. In oxic sediments, phosphates are sorbed onto iron(oxy) (hydr)oxides, and might therefore provide information on redox conditions. The meaning of Na in the continental environment is not well known, but we include Na because it exhibits the clearest shift in values at À10 m. Ratios which primarily relate to source areas are Ti/Al and Cr/Al. Weathering is covered by the ratio of Mg/Al, and iron enrichment or depletion relative to ''average'' detrital input is contained in Fe/Al. The correlation matrix of the input parameters is given in Table 2 . There is a strong positive correlation between CaCO 3 , log(Mn) and log(Sr), and a moderately positive correlation between CaCO 3 , Mg/Al and Na/Al. We expect that the cluster analysis will reflect these correlations.
[26] The stability of the cluster solutions was tested by repeating the analysis for a number of different (random) starting conditions and for slightly different input parameter sets by including and excluding various ratios and elements. In all runs, the partition parameter F 0 had a global maximum and the entropy H 0 had a global minimum for three clusters. Moreover, for the three-cluster models, the cluster assignments of the samples were nearly identical and thus independent of the variable sets chosen. For higher numbers of clusters samples moved in a seemingly incoherent way between clusters depending on the parameter sets. The three-cluster model thus represents a stable robust solution, and we pursue analyzing this solution for which the NLM plot is shown in Figure 10a .
[27] The cluster centers and the cluster characterizations for the three-cluster model are given in Tables 3 and 4 , respectively. The clusters were sorted by CaCO 3 concentration. As expected from the correlation coefficients (Table. 2), the cluster centers of Mg/Al, Na/Al, Mn and Sr show the same variation of low, intermediate and high values for cluster 1, 2 and 3, respectively, as CaCO 3 , although the difference in Mg/Al values of the cluster centers of clusters 2 and 3 is relatively small. The basically similar behavior is also expressed in bivariate scatterplots of, for example, CaCO 3 versus Sr (Figure 10b ), and suggests that in the continental environment Sr is isomorphously substituted into CaCO 3 , as in the marine environment. In some bivariate scatterplots, the clusters are well separated, whereas in others the clusters (partly) overlap (e.g., Figure 10c ). Apparently, in the first case both parameters contribute significantly to the cluster partitioning, while in the second case they are not important for the partitioning.
[28] The three-cluster partition roughly describes lithology variations. For instance, cluster 3 predominates in the gray palustrine samples with higher CaCO 3 contents, and in samples which are very close to the gray layers (Figure 11b) . Moreover, the interval from À37 to À12 m in which gray layers are absent, does not contain any cluster 3 samples. Cluster 3 samples seem to be the least chemically weathered, indicated by the highest Mg/Al. Cluster 2 samples are associated with sandier parts of the record. A change in dominant source areas at À10 m seems to be supported the predominance of cluster 2 samples below this level; cluster 2 samples only reappear some 20 m higher. Cluster 1 samples are enriched in iron relative to detrital input ( Figure  11c ). In the upper 80 m of the section, cluster 1 and cluster 2 seem to follow the bright (1) versus pale (2) red color of the alluvial beds.
Links Between Geochemical and Rock-Magnetic Parameters
[29] By not including magnetic parameters in the fuzzy cluster analysis, we can investigate the influence of geochemical elements on the magnetic properties by plotting the cluster assignments on the variations of magnetic parameters. In environmental magnetism, the magnetic susceptibility (Figure 11e ) is often used as a proxy for climate and this proxy works well in many environments. Examples are the paleosol-loess sequences [Heller and Evans, 1995] , lake sediments [see compilation of Dearing, 1999] , and deep-sea cores (see compilation of Stoner and Andrews [1999] ). However, for this palustrine-alluvial environment the susceptibility does not seem to be logically related to the sedimentary cycles, which are linked to climate (section 5.2). The lithological trends expressed by the clusters are not observed for neither k, nor k CFB . This limits the straightforward use of susceptibility as a climate proxy in this setting.
[30] Contrary to the susceptibility, the IRM parameters show a relationship with the cluster partition (Figure 4c ). The presence of the high-coercivity IRM component interpreted as goethite is confined to cluster 1, the cluster which is enriched in iron. The presence of the second low-coercivity IRM component interpreted as maghemitized magnetite seems to be linked to cluster 2. However, only a few samples with a second low-coercivity IRM component are present in the part of the section which was measured in detail for IRM, and this observation might therefore not be representative for the entire section.
[31] The observed rock magnetic-geochemical links encouraged us to investigate the relationship between demagnetization behavior and (geochemical) clusters. There might be a link between cluster assignments and the temperature up to which the thermal demagnetization yielded sensible directions. The samples for which temperatures up to 480°C could be used seem to be overrepresented in cluster 3: 70% of the samples in this cluster belong to this group. For clusters 1 and 2 $70% of the samples showed good demagnetization data up to 580°C. The samples which contained normal magnetite and reversed hematite directions appear to be linked to clusters as well. The normal magnetite directions in the interval of $40-65 m all belong to cluster 1. Not all samples of cluster 1, however, show overprinted directions. The reversed magnetite overprints in the interval of À17 to 23 m do not relate to one particular cluster.
Cyclostratigraphic Age Model for the Librilla Section and Chron C3An.1n
[32] As described in the geological setting, the section consists of a regular alternation of gray palustrine marls and (pale or bright) red alluvial beds. Spectral analysis of the magnetic susceptibility signal (both as measured and CFB) does not show any clear frequency bands which can be related to the visual cyclicity. Hence, the variability in k is not a suitable tool for the assignment of the individual sedimentary cycles.
[33] We have defined a basic cycle as one gray marlred alluvial couplet. The cyclicity is not evident throughout the entire section. The upper $80 m of the section shows clear bright red and less clear pale cycles, while the cyclicity in lower part of the section is much less evident. To estimate the number of cycles in the normal polarity zone between À39 and +33 m, we first assume that the sedimentation rate has been approximately constant .
[34] Second, we estimate the average cycle thickness from the part of the section which shows the clearest cyclicity: in the upper 83 m of the section (Figure 2 ). In this part of the section, 13 to 14 cycles are present. Thus, the average thickness of a sedimentary cycle is 5.9 to 6.4 m. With a constant sedimentation rate, the thickness of sedimentary cycles is not constant, because the duration of the astronomical cycles varies by interference. The normal polarity interval, representing Chron C3An.1n, is 72 m long, and should thus contain 11 -12 cycles. Astronomical calibration of Chron C3An.1n showed that it represents 233 kyr in time [Krijgsman et al., 1999b; Steenbrink et al., 2000] . This suggests that the cycles in Librilla have an average periodicity of 19-21 kyr in duration, which is indeed very close to the precession period. Hence, we conclude that the cycles are most probably related to precession-controlled variations in regional climate, and therefore have an orbital origin.
[35] Before we attempt to tune the observed cyclicity to the insolation target curve, we need to establish the phase relationship between the lithologies and the precession or insolation variations. Analyses of X-ray defraction (XRD) and thermographic analyses (TGA) on the clay grain size fraction of eight representative samples from the gray marls and the red beds were inconclusive: the clay content (illite, montmorrilonite and kaolinite) and relative concentrations of the clay minerals were rather constant. Therefore, we use the phase relationship established in other continental sections in Spain. We assume that the gray palustrine marls correspond to relatively wet periods during insolation maxima, and the alluvial red beds to relatively dry periods during insolation minima, analogous to the ''wet'' shallow lake carbonates and ''dry'' floodplain mudstones of the middle Miocene deposits of Orera [Abdul Aziz, 2001] .
[36] The normal polarity zone between À39 and +33 m serves as a starting point for the tuning (Figure 12 ). The older reversal of C3An.1n is dated astronomically in the Lava section (Greece) at 6.273 ± 0.005 Ma [Steenbrink et al., 2000] . Therefore, the gray marl (cycle 3) just above the reversal is correlated with the insolation maximum at 6.278 Ma. In the top of the section, the four very bright red cycles are correlated to a smaller amplitude, ''shouldered'' peak (17) and the three large precession maxima above (18, 19 and 20) . The gray layers of cycles 16 to 10 are then straightforwardly correlated to the insolation maxima below. The cyclicity is less clear between cycle 10 and cycle 3. The gray marl of cycle 9 is in fact a compound ''gray-mottled red-gray'' layer, which may well correspond to the double, low amplitude precession maximum at $6.14 Ma. This is supported by the IRM data, which show the presence of the high coercivity component in the mottled red part between the two gray bands, which is characteristic of the red alluvial beds. The dashed correlation lines of cycle 4 and 5 are based on minima in the intensity of the present-day field component (Figure 8c ). Moreover, we would expect 2 to 3 cycles in this interval, based on the sediment thickness.
[37] From the correlation to the insolation curve, it appears that the upper reversal of C3A.1n in Librilla is in agreement with the APTS [Krijgsman et al., 1999b; Steenbrink et al., 2000] within narrow limits (Figure 12) . Additionally, the bright red cycles (cycles 17-20) in the top of the section correspond to the first evaporites of the Messinian salinity In the marine sections of Sorbas, Metochia and Gibliscemi [Krijgsman et al., 1999b] , sapropel layers are linked to insolation maxima. For the lacustrine marls of Lava [Steenbrink et al., 2000] , the clay layers have been linked to insolation minima. For Librilla (this study), the gray palustrine beds with shell fragments are correlated to insolation maxima. Polarity columns compare Chrons C3An.2n through C3r for Librilla, Lava [Steenbrink et al., 2000] , the astronomical polarity timescale and Chrons based on constant ocean floor spreading rates [Krijgsman et al., 1999b] . Hatched blocks indicate the error on the reversal boundaries.
crisis in the marine sections of Sorbas (Spain), Metochia (Greece) and Gibliscemi (Sicily, Italy) [Krijgsman et al., 1999b] .
Conclusions
[38] We studied the sedimentary cycles of the late Miocene section of Librilla in detail, both in the field and by rock-magnetic and geochemical analyses. From the analysis of average cycle thickness, the number of cycles present in Chron C3An.1n, and the astronomically calibrated duration of C3An.1n, we conclude that the gray palustrine-red alluvial cycles in the section of Librilla are linked to climatic precession. The part we investigated in this study covers the age interval of 5.9 to 6.3 Ma, and includes the onset of the Messinian salinity crisis (5.96 Ma [Krijgsman et al., 1999b] ). The detailed paleomagnetic sampling has yielded a better definition of the magnetic reversals in the section. However, some intervals in the section show inconsistent polarity behavior. In the upper part of C3An.1n, several samples exhibit reversed polarities. These overprints seem to be related to lithology, they are only present in that part of the section in which the gray layers are well developed. We favor the explanation of Garcés et al. [1998] that this reversed overprint is related to the Messinian salinity crisis. In the overlying reversed polarity zone, some isolated levels of samples contained normal polarities residing in magnetite. However, a reversed hematite direction coexists in these samples. Therefore, consistency requires interpreting the normal magnetite directions as overprints.
[39] Fuzzy c-means cluster analysis on a set of geochemical data resulted in a statistically robust threecluster model. The cluster partition roughly describes the main lithological features. The cluster with the highest CaCO 3 concentration predominates in or very close to the gray palustrine marls. Some magnetic properties could be tied to the clusters that were derived with geochemical input parameters only. The cluster with the lowest CaCO 3 content shows a clear relationship with the coercivity components derived from IRM component analysis. A high-coercivity component representing goethite is almost exclusively present in this cluster. Moreover, the presence/absence of the goethite component seems to follow the gray palustrine/red alluvial lithology, respectively. In the top part of the section, all normally overprinted samples belong to the cluster with the lowest CaCO 3 content. Not all samples from this cluster, however, display an overprint. The reversed overprints in C3An.1n are not related to one particular cluster. The fuzzy cluster analysis does thus not provide a clue to distinguish between real and overprinted directions in this interval.
[40] With the improved positions of the reversals, and the demonstration that the sedimentary cycles represent precession it has now become possible to construct a highresolution time frame ($20 kyr) for the fossil rodents which are present in each palustrine layer in this section. This provides an opportunity for paleontologists to make a detailed environmental reconstruction for the continental realm as a response to changing climate.
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